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(a)

(b)

The circuit in Figure 1 shows a transistor switching an inductive load which
carries a current /; that can be assumed to be constant. The transistor is
switched on and off regularly with a period T and duty-cycle, 8. Sketch the
waveforms of the voltage across the transistor and the current through it over
one cycle of operation. From this diagram, derive an equation for the average
power loss in the transistor.

[6]

Figure 1 Inductive load switched by a transistor

The circuit of Figure 2 shows a quasi-resonant switch-mode power supply. It
can be assumed that the circuit is in steady-state and that the output voltage Vo
and the current /y are constant over a switching cycle.

(1) Identify whether it is resonant while the switch is on or off and explain
the stages of its operation.

[6]

(11) Write the differential equation that governs the circuit during its
resonant period. Identify the initial conditions for the solution to this
equation.

[4]

(iii))  Calculate a resonant frequency for the circuit if it is to step down from
an input voltage of 24 V to an output voltage of 5 V with a transistor
switching frequency of 250 kHz.

[4]
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Figure 2 A quasi-resonant switch mode power supply
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(a) Figure 3 shows a variation on the Cuk switch-mode power supply known as a
SEPIC circuit.

(1) Assume that the capacitor voltages and inductor currents are positive in
the senses shown and sketch the current paths during the on and off
states of the transistor.

[5]

(i) By considering the rates-of-change of currents in the inductors and
imposing the condition of steady-state operation, derive an equation for
the output voltage as a function of input voltage and duty cycle. You
may assume that both inductors are in continuous conduction.

[10]

VC 1
SR
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21—
V[ Ll (:v1 1 L, | VO
H T —
H |

Figure 3 A SEPIC switch-mode power supply

(b) Compare and contrast the Sepic switch-mode power supply with the Cuk and
Flyback power supplies.

[5]
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(a)

(b)

Figure 4 shows an isolated Flyback switch-mode power supply. Describe the
operation of the circuit using sketches of the principal voltages and currents in
discontinuous flux mode.

[6]

e
v, ! v,

L
J

Figure 4 An isolated Flyback switch-mode power supply

Consider an isolated Flyback smps in which the coupling of the two windings
is perfect. A design is required to step-up from 48 V to 400 V and deliver a
maximum output current of 0.5 A. The circuit is to operate at 100 kHz in
discontinuous mode.

(1)

(ii)

(iii)

(iv)

(V)

Choose a transformer turns ratio to ensure that the transistor voltage
does not exceed 90 V.

[3]

Assuming discontinuous mode, express the average input current as a
function of the duty-cycle and primary inductance. Using the
assumption of 100% efficiency, relate the input current to the output
current.

[3]

Choose a primary-side inductance to suit a duty-cycle of 0.3 at
maximum output current. Find the corresponding secondary-side
inductance.

[3]

Calculate the peak secondary current when delivering the maximum
output current.

[3]

Calculate the time for which the diode conducts at maximum output
current and check that the circuit is in fact in discontinuous mode.

2]
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(a)

(b)

Sketch the circuit diagram of a DC to 3-phase inverter. Describe how the
switching states of the transistors are determined to provide sinusoidal
voltages. Sketch the form of the frequency spectrum of the output voltages.

[10]
Describe how a 3-phase inverter can be used as an interface to an AC power
distribution grid. Describe the advantages this arrangement has over a

conventional diode or thyristor rectifier.
[10]
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(a) Describe (using sketches) the main elements of a drive system based on an
induction machine. Include a control loop that will control the slip in order to
regulate the speed.

[7]

(b) For the induction machine model in Figure 5, show that the torque equation
T =3PY¥I,sin(d), where P is the number of pole-pairs and ¥ is the
magnitude of the air-gap flux-linkage, becomes:

2
T= 31;; (a)S—a)R)

Figure 5 Per-phase equivalent circuit of an induction machine (with
negligible rotor leakage inductance)

(c) The induction machine shown in Figure 5 has the following data:

Ly =0.035 H;
Ls=0.002 H;
Rs=0.1Q;
Rr=0.1Q;

P=1;

Iz (max) =40 A;
 (base) = 1007 rad/s;
Hmax) = 0.65 Wb.

(1) For operation at the base speed and maximum flux-linkage, calculate:
the torque, the difference between synchronous and rotor speeds, the
rotor speed, the output power and the necessary stator voltage.

[4]

(i1))  Recalculate the same quantities for operation at twice the base speed
and half the maximum flux linkage and justify the changes found.

[4]
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(a)

(b)

(c)

(d)

Explain why the physical size of a power semiconductor is in approximate
proportion to its power rating.

[4]

A snubber is required to reduce the turn-on power loss of a transistor
switching an inductive load of 50 A from a supply voltage of 500 V. Sketch a
suitable circuit and make component choices given that the snubber should
complete its action over the fall time, #; of the transistor voltage, which is
200 ns, and that the snubber must reset within 5 ps.

[6]

Calculate the power dissipation in the transistor due to turn-on and the power
dissipation in the snubber components for a switching frequency of 5 kHz.

[5]

The transistor and snubber reset resistor are placed on the same heat-sink.
Find the temperature of the transistor junction if the transistor has additional
losses of 2 W and the various thermal resistances are as follows:

Junction to heat-sink, Ry_;5= 0.2 K/W;

Resistor to heat-sink, R;.zs = 0.1 K/W;

Heat-sink to air, Ry,.s4 = 0.5 K/W;

Resistor to air direct, Ry.s4 = 0.7 K/W.
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Answers to E3.14 2000/01

1) (a) The circuit in Figure 1 shows a transistor switching an inductive load which
carries a current /; that can be assumed to be constant. The transistor is
switched on and off regularly with a period T and duty-cylce, 8. Sketch the
waveforms of the voltage across the transistor and the current through it over
one cycle of operation. From this diagram, derive an equation for the average
power loss in the transistor.

[6]

Figure 6, Inductive load switched by a transistor

Treating the rise and fall of voltage and current as linear the waveforms are:

' I I vV
V -
S| Vps
IL iDS
- g
ri tﬁ/ trv ﬁ

The voltage must remain high, so that the diode is forward biased, while the
current is changing. For this reason there is a co-incidence of voltage across
the transistor while current flows through it.

pO= 010 E=[p0-d P = [p)-dr
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T

1 :
PLuss = ? J.VT (t) 'lT (t) . dt

7 Ly L Ly

:% jvT(t)ZOﬁ(t)dt+ JVT(t)lT(l‘)dl‘+ ijn(t)lT(t)dt+ jvT(t)lT(t)dt
1
= ?{ECond + ELeak +ETumOn +ETurnO_[f}

ECond = VOn IOn(Avg) tOn
E, . . =negligable
ETumOn = %VS IL (tri + tfv)

ETanff :%Vs I, (tr’v +tﬁ)

1
PL[)SS = F (ECand + ETum On + ETumOﬂ' )

= 5 : VOn .IOH(Avg) + f ' (ETMI‘VIOH + ETuranj')
= Conduction Loss + Switching Loss

(b) The circuit of Figure 2 shows a quasi-resonant switch-mode power supply.

(1) Identify whether it is resonant while the switch is on or off and explain
the stages of its operation.
[6]
The circuit is paused while the transistor is off and a resonant cycle is
initiated by turning the transistor on.

The stages of operation are:
L The transistor is off and Io flows in D. This state is stable.

1I. The transistor is turned on and the input voltage is imposed
across Lg. As a consequence irg rises linearly. Turn-on occurs
while i is zero and constrained to rise slowly by Lg. D stays
in conduction (and vy is held close to zero) because irg is less
than lo. This period lasts until izg = Iop.
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(i)

(iii)

111

1V.

D falls out of conduction and LxCgr form a resonant circuit
governed by a second order differential equation. The current
increases, peaks, decreases and reverses. While the current irg
is flowing in reverse (that is through the diode Dg) the
transistor can be turned off losslessly.

Period Il ends when the iy rises again to zero but is blocked
from becoming positive because the transistor is off-

When period Il ends there is residual charge on Cy that is
discharged (linearly) by the continued flow of 1p. This period
ends when vcg reaches zero and D is brought into conduction.
The circuit then re-enters the stable state 1.

Write the differential equation that governs the circuit during its
resonant period. Identify the initial conditions for the solution to this
equation.

[4]

The resonant action is governed by:

m=%+g%@H¢)

=ve +L,C,

2
Ve
dt?

The initial conditions are: i;p = Ip and vcg = 0.

Calculate a resonant frequency for the circuit if it is to step down from
an input voltage of 24 V to an output voltage of 5 V with a transistor
switching frequency of 250 kHz.

[4]

Each pulse of voltage across the resonant capacitor averages to
approximately Vi if period 1V is considered short. Therefore:

Vo
VI

~tR~27zf

—_— =~

T o,
24

fR :f;—lzzso)(lo?) X?=1.2MHZ

o
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Figure 7, A quasi-resonant switch mode power supply
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2) (a) Figure 3 shows a variation on the Cuk switch-mode power supply known as a
SEPIC circuit.

(1) Assume that the capacitor voltages and inductor currents are positive in
the senses shown and sketch the current paths during the on and off
states of the transistor.

Vo
! i
! \
! \
f|o
bl f
\ H I
i, (on) L i, (on)
! \,
4 _______ - \‘> ~=

———
—————

Figure 8 A SEPIC switch-mode power supply

(11) By considering the rates-of-change of currents in the inductors and
imposing the condition of steady-state operation, derive an equation for
the output voltage as a function of input voltage and duty cycle. You
may assume that both inductors are in continuous conduction.

[10]

Considering iy

When switch is on:

diLl _ VI

dt L,

When switch is off:
di, — ViV =V,
dt L,

Change of current over one cycle is zero:
Ai, (on)+Ai,, (off )=0
V.o+V,(1-6)-V,1-0)-V,1-06)=0
(=6, =V, =V, (1-0)

Considering iy,
When switch is on:
di;, _ Vel

L,
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When switch is off:

di,, -V,

At L,

Change of current over one cycle is zero:
Ai,,(on)+Ai,,(off ) =0

(=6, =V6

Combining the two expressions yields:

(-0, =, ¥, =2 a1-5)
(1—5)(1+(1_5)jV0 =7,
Vo _ 6

v, 1-6

(b) Compare and contrast the Sepic switch-mode power supply with the Cuk and

Flyback.
[5]
Flyback Cuk Sepic
Voltage Ratio up/down up/down up/down
Polarity negative negative positive
Input Current Shape pulsed smooth smooth
Capacitor Current Shape | pulsed smooth pulsed
Voltage Ripple high low high

The Sepic circuit is used where a positive output voltage is required that is to
be either above or below the input voltage. The circuit is good in terms of
input current distortion but bad in terms of output voltage ripple.

Page 14 of 28



3)

(a)

Figure 4 shows an isolated Flyback switch-mode power supply. Describe the
operation of the circuit using sketches of the principal voltages and currents in
discontinuous flux mode.

it | B
= = T :

},
p
}7

Figure 9, An isolated Flyback switch-mode power supply

[6]

When the transistor is turned on:
. the input voltage is applied across the primary
. flux builds up in the core and energy is stored in the magnetic field

When the transistor is turned off:

. the primary current ceases

. the flux must be maintained by the flow of current so the diode
becomes forward biased and a secondary current flows

. the output voltage is applied across the secondary in a sense that
decreases the flux

. energy is transferred from the core to the output capacitor

There are two modes of operation: continuous flux mode and discontinuous
flux mode (shown in graphs). When one transformer winding has a voltage
imposed on it, the other winding sees a reflected copy of this voltage scaled by
the turns ratio.
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Ves A

Vi+ 5o

Y

4

Y

(b) Consider an isolated Flyback smps in which the coupling of the two windings
is perfect. A design is required step-up from 48 V to 400 V and deliver a
maximum output current of 0.5 A. The circuit is to operate at 100 kHz in
discontinuous mode.

(1) Choose a transformer turns ratio to ensure that the transistor voltage
does not exceed 90 V.

[3]

N
V.=V, +V,—t
T 1 0N2
N, ¥, 400

2 = =9.523
N, V.-V, 90-48
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(1))  Assuming discontinuous mode, express the average input current as a
function of the duty-cycle and primary inductance. Using the
assumption of 100% efficiency, relate the input current to the output
current.

[3]

‘\4
=

o=

h|w >

i,0
i
S
Vil =Vol,

(i11))  Choose a primary-side inductance to suit a duty-cycle of 0.3 at
maximum output current. Find the corresponding secondary-side

inductance.
[3]
V 2
L =3V, : 5_
Voly f
2
_ 148 48 ><0.35
400x0.5 10
=5.18 uH

=5.2x10"°x9.523?
=472 uH

(iv)  Calculate the peak secondary current when delivering the maximum
output current.

[3]

Ailzﬂxé
L f
= 48 — 03—2789A
5.18x10™° 10
AizzAi1£:27.80x ! =20914
N 23

2

Page 17 of 28



(V)

Calculate the time for which the diode conducts at maximum output

current and check that the circuit is in fact in discontinuous mode.

V
AiZ = _OtDiode
L2

-6
b, =291 270x10 7

tDiode = 342,“*9
Loy :% =0.7x107 =7 us

tpiode<tog SO the operation is discontinuous
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4)

(a)

Sketch the circuit diagram of a DC to 3-phase inverter. Describe the how the
switching states of the transistors are determined to provide sinusoidal
voltages. Sketch the form of the frequency spectrum of the output voltages.

A T T T
Vv S S S
4 9(E s Y,
AN

Vi <

v, ABA{ZW

v, S i .

v, s

| R

[4]

The switches of each phase are switched in a complementary fashion so that
each phase voltage is a pulse train of either O or Vpc. The pulse widths are
modulated through either a comparison of the modulating wave with a
triangular carrier (with all phases using the same carrier) or by programming
the timer channels of a microcontroller to effect the same result.

The modulation signal for the three phase voltages V4, Vg and V¢ are a
balanced three-phase set with a DC offset:

V,=3Vpe +3VpcM sin(a) t)
Ve =3Vpe +3VpeM sin(a)t —27”)
Ve =3Vpe +3VpeM sin(a)t + 27”)

3

Vg = TVDCM sin(a)t+%)

3

Ve = TVDCM sin(a)t—%)

NE)

Ve = TVDCM sin(a)t+5?”)
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(b)

The spectra of the phase and line voltages are:

VAA
Ve 4
%MVDC |
e, o[l
fM fC 2fC
VABA
FMVpe -
| //TLM// IL{T >/
fM fC 2fC

2]

Describe how a 3-phase inverter can be used as an interface to an AC power
distribution grid. Describe the advantages this arrangement has over a
conventional diode or thyristor rectifier.

o The inverter is connected to the grid via a set of inductors
The inverter must be phase-locked to the 3-phase grid.

o The DC link voltage of the inverter is used to synthesise a 3-phase voltage
set.

o The current through the interface inductors can be controlled by imposing
a voltage across them.

o Approximately, the difference in angle between the inverter voltage and
the gird voltage sets the real power flow and the magnitude difference sets
the reactive power flow.

[4]

The circuit is superior to a diode rectifier because:

° the
current drawn from the mains is sinusoidal

° the
voltage on the DC side can be varied and regulated

° the

circuit can step up to high voltages
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. the
circuit is bi-directional and power can be returned to the grid if the
DC load re-generates.

. the
circuit can also provide reactive power support

The circuit is superior to a thyristor phase-angle controlled rectifier in all of
the above ways except that the thyristor rectifier can control the output
voltage and can deal with re-generative loads

[6]
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Describe (using sketches) the main elements of a drive system based on an
induction machine. Include a control loop that will control the slip in order to
regulate the speed.
[7]

In the simplest case the speed demand is translated directly to a supply
frequency reference for the inverter (taking account of the number of poles of
the machine). It is assumed that the slip of the machine is small and that this
small speed error is unimportant. In order to keep the air-gap flux magnitude
at approximately its design value, the voltage magnitude is varied in
proportion to the frequency. Neglecting the effect of the stator winding
impedance, this will keep the magnetising current constant.

Inverter
— Induction
- % Machine
DC Supply
Voltage
Vaof
]
Speed
Demand

If the error introduced by the slip is unacceptable then speed feedback is used.
The speed error is calculated and from this a slip demand established to
increase or decrease the torque. The desired synchronous speed is calculated
by adding the slip to the measured speed. The inverter frequency is then set.
The applied voltage is again calculated in proportion to the frequency.

Inverter
— Induction
- A Machine
DC Supply v
\oltage
Vaof Speed
Feedback
Synchronous
Speed
Slip
Controller
Speed
Speed Error
Demand

Page 22 of 28



(b)

(c)

For the induction machine model in Figure 10 show that the torque equation
T =3PY¥I,sin(d)where P is the number of pole-pairs and ¥ is the
magnitude of the air-gap flux-linkage, becomes:

2
T
[5]
RS LS

Figure 10, Per-phase equivalent circuit of an induction machine (with
negligible rotor leakage inductance)

Defining E as the voltage across Ly,

Y=1,-L,
Ezja)Eg
— E _sE
I, = =55
R,/ R,
s

T= 3P‘¥Hl_‘ sin 5

3P“P‘ e ‘IP‘ sm(<]‘P <§)
3PY? o
R, °©
3PP’
= R, g — R)

The induction machine shown in figure 3 has the following data:

Lyy=0.035H
Ls=0.002 H
Rs=0.1Q
Rr=0.1Q

P=1

Iz (max) =40 A
 (base) = 1007 rad/s
Hmax) =0.65 Wb
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(1) For operation at the base speed and maximum flux linkage calculate:
the torque, the difference between synchronous and rotor speeds, the rotor
speed, the output power and the necessary stator voltage.

[5]
T =3P¥I,sin(5) sin(5)=1

=3x1x0.65x40

=78 Nm

IR, o,

;¥
40x 0.1

= " X
1007 x0.65
=6.15rad /s

w, =100z —6.15
=308 rad /s
P=Tw,
=78%308
=24 kW
v :E+(RS +ja)ELS)(E_jE)
=1007 % 0.65 +(0.1+ j1007 x 0.002)(40 — /18.6)
=220+ 23
V=21V

Dp —WOg =

1007

(i1))  Recalculate the same quantities for operation at twice the base speed
and half the maximum flux linkage and justify the changes found.

[3]
At  =2w, and ‘lep%

T =3P¥I,sin(5) sin(5)=1
:3><1><0-6%><40

=39 Nm
I.R
a)R—a)S=afL§a)S
E
_40x0.1
1007 x 0-65/

=12.30rad /s
W, =2x10077 —12.30
=616rad/s

x 1007z
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P=Tw,
=39x616
=24 kW
P=E v, + jort s - T.)
= 2x1007 x 0-63/+ (0.1+ j2x 1007 x 0.002)(40 - j9.3)
=220+ j48
V=25V
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6)

(a)

(e)

Explain why the physical size of a power semiconductor is in approximate
proportion to its power rating.

[4]

Cross-sectional area given by current rating divided by current density.
Current density is limited by heating effects that would cause hot-spots and
local melting. Depth of semiconductor is related to reverse breakdown
voltage of the principal junction. One side of junction must be lightly doped to
control peak electric field therefore the depletion layer grows deep and device
must be physically deep enough to support this before punch-through or
avalanche occurs.

A snubber is required to reduce the turn-on power loss of a transistor
switching an inductive load of 50 A from a supply voltage of 500 V. Sketch a
suitable circuit and make component choices given that the snubber should
complete its action over the fall time of the transistor voltage, 5 which is
200 ns and that the snubber must reset within 5 ps.

[6]

The snubber should consist of an inductor in series with the transistor to
control the rate of rise of current. A resistive path must be available to reset
the snubber at turn-off.

L

= n»

I, y
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®

tﬁ’
t
Ve =Vpe —
l‘fv
L , s
L W ) L
lSL_L t.t_L 2 _thfv
N by FA% N FA% 0 N
Vv 2 107
JRR (= 500%200x10 1
I, - 2x50
Choose snubber resistor to allow 5 time-constants of discharge within stated
reset period.
& =7 = tReset
R, 5
5L 1x107°
Ry=ts 2107y
t 5x10

Resset

Calculate the power dissipation in the transistor and the snubber components.
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(g

[5]

The voltage and current product must be integrated over the fall time. The
voltage is a linear fall and the current is a square-law rise.

L 2 3 4 tg
E, = IVDC(l —LJX IL[L] di = VDCIL[lt—Z—l%}
: Ly Ly 3,0 At

Voel, 500% 50%x200x107°
=0k, = =417

All of the stored energy in the inductance is dissipated in the resistor
E, =1L, =1x1x10°x50% =1.25mJ

The power is found my multiplying by the frequency

P =fE, =2.08W
P, =fE,=625W

The transistor and snubber reset resistor are placed on the same heat-sink.
Find the temperature of the transistor junction if the transistor operates at
5 kHz and has additional losses of 2 W. The ambient temperature is 25°C and
the various thermal resistances are as follows:

Junction to heat-sink, Ry,_;s =1 K/IW

Resistor to heat-sink, R;-rs = 0.5 K/'W

Heat-sink to air, Ry.s4 = 3 K/'W

Resistor to air direct, Ry.s4 = 12 K/'W

[5]

There are two paths for heat from the resistor to air — direct and via the heat-
sink which is shared with the transistor. Find fraction of heat through each
path using simultaneous equations.

0,=0,+aP,R, .,
0, =0,+ (1 - a)PR Ry s+ (1 - a)PR Ry i+ B Ry gy

Po(R, ps + Ry )+ PR, o, 625x(0.5+3)+(2.08+2)x3

- =0.352
Po(Ry s +Ryps + Ry i) 6.25x(12+0.5+3)

a =

0, =25+0.352x6.25x12=51.4°C

0,=0,+F (Rth—JS + Rth—SA)+ (1 -« )P % Ri-sa
=25+(2.08+2)x(1+3)+(1-0.352)x 6.25x3=53.5°C
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